A poptosis represents a fundamental biological process that relies on the activation of caspases. Inhibitor of apoptosis (IAP) proteins represent a group of negative regulators of both caspases and cell death. Although best known for their ability to regulate caspases and cell death, it is now clear that they function as arbiters of diverse biological processes (Gyrd-Hansen and Meier 2010) . Most prominently, IAPs control ubiquitin (Ub)-dependent signaling events that regulate activation of nuclear factor kB (NF-kB) and mitogen-activated protein kinase (MAPK) pathways that in turn drive expression of genes important for inflammation, immunity, cell migration, and cell survival. IAPs thereby function as E3 Ub ligases, mediating the transfer of Ub from E2s to target substrates. This in turn modulates the signaling process through regulating protein stability as well as via nondegradative means (see below for details). Many of the cellular processes controlled by IAPs are frequently deregulated in cancer and, directly or indirectly, contribute to disease initiation, tumor maintenance, and/or progression, making IAPs obvious targets for anticancer therapy . Accordingly, small pharmacological inhibitors of IAPs, frequently referred to as Smac-mimetics (SM), were developed and are currently undergoing clinical trials for the treatment of cancer . The use of SMs in preclinical tumor models and clinical trials has provided compelling evidence for the therapeutic benefit of IAP inhibition.
ANATOMY OF IAP PROTEINS
IAPs are defined by the presence of the baculovirus IAP repeat (BIR) domain(s) (Birnbaum et al. 1994) , an approximately 70-residue-large zincbinding domain that mediates protein-protein interactions. IAPs, of which there are eight in humans, carry one to three copies of this domain (Fig. 1) . Drosophila IAP2 (DIAP2) and the mammalian IAPs, XIAP, cIAP1, and cIAP2, contain three such domains in their NH 2 -terminal portion. These IAPs also contain a Ub-associated domain (UBA) for binding to poly-Ub chains and a really interesting new gene (RING) domain that provides them with E3 ligase activity. In addition, cIAP1 and cIAP2 possess an evolutionary conserved caspase recruitment domain (CARD) that can inhibit their E3 ligase activity (Dueber et al. 2011; Lopez et al. 2011) .
BIR Domain
The family-defining BIR domain functions as a protein-interaction surface through which IAPs bind to client proteins and adaptor molecules. BIRs possess a number of invariant amino acid residues, including three conserved cysteines and one histidine that coordinate a zinc ion, which is required to stabilize the BIR fold (Fig. 1B) . Beyond these general features, individual BIRs can vary considerably, providing an explanation to why different BIR domains, even within the same protein, exhibit distinct functions (Eckelman et al. 2006; Srinivasula and Ashwell 2008) . BIRs can be grouped into type-I and type-II domains based on the presence of a deep peptide-binding groove (Fig. 1C,D) . Whereas type-I BIR domains lack a peptidebinding groove, or merely possess a shallow pocket (Fig. 1C) , type-II BIRs carry a distinctive hydrophobic cleft through which they bind to IAP-binding motifs (IBMs) present in caspases and IAP-inhibitory molecules such as mammalian Smac/DIABlO (Fig. 1D ,E) and Omi/ HtrA2 or Drosophila Reaper, Grim, and Head Involution Defective (Hid), collectively referred to as IAP-antagonists. The main feature of an IBM is the presence of an NH 2 -terminal alanine. However, in some cases, IBMs can also harbor a serine at the first position (Verhagen et al. 2007 ). The NH 2 -terminal alanine or serine, which must be exposed and unblocked (devoid of NH 2 -terminal acetylation), inserts into the extensive hydrophobic cleft on the surface of type-II BIRs and forms hydrogen bonds with neighboring residues, thereby anchoring the IBM-carrying protein to IAPs (Wu et al. 2000) . Subtle changes in the peptide-binding groove of type-II BIR domains alter their preference for particular client proteins with IBMs. Therefore, proteins with IBMs display differential and selective binding to specific type-II BIR domains. Apoptosis-regulatory IAPs such as XIAP, cIAP1, cIAP2, and Drosophila IAP1 (DIAP1) and DIAP2 carry two such type-II BIR domains in tandem. The tandem arrangement (1) increases the repertoire of proteins with which they can interact, and (2) potentially enhances the binding-affinity to particular IBM-containing target proteins, particularly when they are dimeric or oligomeric in nature. In addition to type-II BIRs, apoptosis-regulatory IAPs, except DIAP1, also carry a type-I BIR domain. This BIR lacks an IBM-binding pocket and usually contains three additional residues, often including a proline, between the universally conserved glycine residue in the middle of the fold and the first zinc-binding cysteine residue. Consequently, type-I BIRs do not bind caspases or IAP-antagonists and use distinct modes to interact with a different set of target proteins. The BIR1 domain of XIAP, for example, directly binds to TAB1, an upstream adaptor of the transforming growth factor-b activated kinase 1 (TAK1). Analogously, the BIR1 of cIAP1 and cIAP2 associate with TRAF2, an adaptor that mediates signal transduction from members of the TNF receptor superfamily (Samuel et al. 2006; Varfolomeev et al. 2006; Vince et al. 2007 type-I BIR domains. As these IAPs do not possess a type-II BIR domain, they are unable to bind to caspases and IAP-antagonists. Instead, they are required for chromosome segregation and cytokinesis (Uren et al. 1999 (Uren et al. , 2000 . Another IAP, BRUCE/Apollon, also appears to have a major role in cytokinesis, in particular in the abscission stage where the two daughter cells separate (Pohl and Jentsch 2008) . BRUCE/ Apollon is a membrane-associated IAP that carries only one BIR domain. Additionally, it also contains a Ub-conjugating (UBC) motif that can function as a Ub-E2, transferring Ub to substrates. In addition to contributing to cytokinesis, BRUCE/Apollon also safeguards cell viability by targeting caspase-9 and the IAP-antagonist protein Smac/Diablo for Ub-mediated proteasomal degradation (Bartke et al. 2004; Hao et al. 2004) . In Drosophila, the activity of dBRUCE is indispensable for controlled activation of caspases required for spermatide individualization (Arama et al. 2003) . Furthermore, dBRUCE also targets the IAP-antogonists Reaper and Grim for proteasomal degradation, thereby contributing to the apoptotic threshold (Vernooy et al. 2002; Domingues and Ryoo 2012) .
RING Finger
In (Kirisako et al. 2006) . At least eight different types of Ub chains exist that exert distinct effects on cellular processes (Bhoj and Chen 2009 ). This is because the differently linked poly-Ub chains adopt distinct structures. For instance, K48-linked poly-Ub chains take up a kinked topology, whereas K63-and M1-linked chains resemble "beads-on-a-string" (Komander 2009 ). Although it is well established that K48-linked modifications can promote Figure 1 . (Continued) All schematic IAPs, except NAIP, are drawn to scale, Leucine-rich repeats (LRR) and NACHT, the domain present in NAIP, CIITA, HET-E, and TP1. BIR domains provide interactions with proteins such as caspases, IAP-antagonists, TRAF1/2, and TAB1. cIAP1's BIR3 is represented as a blue cartoon structure, and a highly conserved Trp in the IBM binding pocket is represented in green stick format. The UBA domain of cIAP1 binds to poly-Ub and is represented as an orange cartoon structure with a highly conserved Met represented in green stick format as a reference point. The caspase recruitment domain (CARD) present in cIAPs, which generally serves as a protein-interaction surface, has an unknown function in IAPs, and the CARD of cIAP1 is represented as a grey cartoon structure. The carboxy-terminal really interesting new gene (RING) domain is required for Ub-ligase activity and serves as dimerization interface and docking site for E2s. A dimeric cIAP2 structure is represented as a cartoon structure with each monomer in a different shade of red. A highly conserved Phe is represented in green stick format. Coordinates are from Dueber and colleagues (Dueber et al. 2011) , PDB: 3T6P, and Mace and colleagues (Mace et al. 2008) (Komander and Rape 2012) . Whether ubiquitylation targets proteins for degradation or mediates nondegradative signaling depends on protein interactions between the ubiquitylated protein and Ub-binding proteins, which can therefore be considered as Ub "receptors" (Hoeller et al. 2006) . Ub receptors carry specialized Ub-binding domains (UBDs) that enable them to interact with the specific linkage types and assemble Ub-dependent signaling hubs. The generation of K63-and M1-linked Ub chains are particularly important for the generation of Ub-dependent complexesthat activate NF-kB and MAPK in response to cytokine signaling (Chen 2012; Schmukle and Walczak 2012) . Studies in both mammalian systems and Drosophila have revealed that IAPs control apoptotic and innateimmune signaling pathways via degradative and nondegradative ubiquitylation. Accordingly, IAPs have been found to mediate K48-, K63-, as well as K11-linked Ub chains.
Regulation of E3 Activity
In the absence of signaling, cIAP1 resides in an inactive monomeric configuration (Fig. 2 ). This is achieved via an intramolecular interaction between cIAP1's BIR3 and RING finger domain (Dueber et al. 2011; Feltham et al. 2011 Figure 2 . Mechanism of Smac-mimetic (SM)-induced activation of cIAPs. Monomeric cIAP1 BIR3, UBA, CARD RING, represented as in Fig. 1 using coordinates from Dueber and colleagues (Dueber et al. 2011) , PDB: 3T6P, is an inactive E3 ligase. Binding of an SM releases the BIR3-mediated inhibition on RING dimerization (PDB:3EB5), resulting in activation of the E3 ligase function, auto-K48 ubiquitylation, and proteasomal degradation.
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Cite this article as Cold Spring Harb Perspect Biol 2013;5:a008730 et al. 2011), which prevents RING-dimerization, E2 binding, and E2 activation. Autoinhibition of cIAP's E3 activity is supported by electrostatic intramolecular interactions via positively charged residues of the CARD (Dueber et al. 2011; Lopez et al. 2011 ). cIAP1's E3 ligase activity can be activated following binding to a substrate. Substrate-binding to the BIR3 liberates the RING from BIR3-mediated inhibition, exposing two interaction surfaces required for RING dimerization and E2 binding, respectively (Mace et al. 2008 ). RING dimerization is of particular importance as it is indispensable for the transfer of Ub from the E2 to a lysine residue of the target substrate. Binding of SM to the BIR3 causes autoubiquitylation and proteasomal degradation of cIAPs ( Fig. 2 ). In effect, SMs mimic the presence of a substrate, leading to activation of cIAP's E3 activity. However, in the absence of a bona fide protein substrate, lysine residues of cIAP1 serve as acceptor lysines for Ub, resulting in polyubiquitylation and degradation of cIAP1. Regulation of the E3 activity clearly differs among IAPs. cIAP2, which shares high sequence conservation with cIAP1, readily exists in a dimeric state (Feltham et al. 2011) . Although this explains how SMs activate cIAP1's auto-E3 ligase activity, it is currently unknown how the E3 activity of cIAP1, cIAP2, or XIAP are regulated in normal signaling processes.
FUNCTION OF IAP PROTEINS IAP-Mediated Regulation of Caspases and Cell Death
The apoptotic cell death program culminates in the activation of caspases, a family of highly specific cysteine proteases essential for the destruction of the cell. Caspases are expressed as zymogens consisting of a prodomain, a large subunit ( p20), and a small subunit ( p10) (Riedl and Shi 2004 ) (see also Fig. 4 ). Caspases reside in proteolytic cascades that are typically started by socalled initiator caspases, such as caspase-9 and caspase-8, which cleave and activate downstream effector caspases, such as caspase-3 and caspase-7 (Berger et al. 2006; Denault et al. 2006) . Following zymogen activation, caspases are regulated by certain members of the IAP protein family (Salvesen and Duckett 2002) . In Drosophila, DIAP1-mediated inhibition of caspases is essential for cell survival as loss of DIAP1 function instigates spontaneous caspase-mediated apoptosis (Rodriguez et al. 1999; Wang et al. 1999; Goyal et al. 2000; Lisi et al. 2000) . DIAP1 represents an essential negative regulator of the initiator caspase DRONC and the effector caspases drICE and DCP-1 (Fig. 3) . These caspases bind to distinct BIR domains: the BIR1 region of DIAP1 is essential for binding to the effectorcaspases drICE and DCP-1 (Kaiser et al. 1998; Wang et al. 1999; Zachariou et al. 2003) , whereas the BIR2 region directly associates with DRONC (Meier et al. 2000; Chai et al. 2003) . Although DIAP1-caspase association is the decisive step in the regulation of Drosophila apoptosis, physical interaction between DIAP1 and caspases alone is insufficient to regulate caspases. This is evident because DIAP1-bound effector caspases remain catalytically active under in vitro conditions (Tenev et al. 2005) . Moreover, DIAP1 mutants with a dysfunctional RING finger fail to suppress caspase-mediated cell death, even though these mutants bind to caspases with the same affinity as their wild-type counterparts. Therefore, DIAP1 does not act as a classical active-site enzyme inhibitor, but rather regulates the catalytic potential of caspases. Ultimately, suppression of caspases and apoptosis results from DIAP1-mediated ubiquitylation of the zymogenic form of DRONC (Fig. 3C) and active drICE or DCP-1 (Fig. 3D,E) (Lisi et al. 2000; Wilson et al. 2002; Chai et al. 2003; Ditzel et al. 2008) . The mechanism through which ubiquitylation of DRONC results in its inactivation appears to be context dependent and involves degradative as well as nondegradative ubiquitylation (Fig. 3C) . Outside of the apoptosome, DIAP1-mediated ubiquitylation of DRONC neutralizes it through an unknown mechanism that operates independent of the proteasome. However, when it is part of the apoptosome, DIAP1 conjugates K48-linked poly-Ub chains to DRONC, targeting it for proteasomal destruction (Shapiro et al. 2008) . Hence, only apoptosome-associated DRONC (as well as DARK itself ), but not free DRONC monomer, is target- ed for proteasomal degradation. Interestingly, DRONC-mediated cleavage of DARK is required for proteasomal degradation of the DRONC/ DARK complex, suggesting that the cleavage event recruits the E3 ligase (Shapiro et al. 2008 ). DIAP1-mediated regulation of effector caspases is also dependent on the conjugation of Ub (Fig. 3D,E) . Attachment of nondegradative (K63-linked) poly-Ub chains to the effector caspase drICE (homolog of caspase-3/-7) directly reduces its proteolytic potency, affecting kinetic parameters of the enzyme (Ditzel et al. 2008) . Computational modeling of a ubiquitylated effector caspase suggests that the Ub chains sterically occlude the catalytic pocket of the caspase, thereby interfering with substrate entry. In addition to Ub, DIAP1 can also inactivate effector caspases via the covalent attachment of NEDD8. NEDD8-mediated suppression of drICE occurs via a mechanism that relies on noncompetitive inhibition, most likely through a NEDD8-induced conformational change of the caspase. Disruption of drICE ubiquitylation or NEDDylation, either by loss of DIAP1's E3 activity or generation of a nonmodifyable form of drICE, renders this effector caspase resistant to DIAP1-mediated inactivation (Ditzel et al. 2008; Broemer et al. 2010 ). In addition to its own RING finger domain, DIAP1 recruits a second Ub-E3 ligase that belongs to the N-end-rule pathway (UBR), to effectively block caspase activity (Ditzel et al. 2003; Herman-Bachinsky et al. 2007; Tenev et al. 2007 ). Recruitment of the N-end rule E3 ligase requires caspase-mediated cleavage of DIAP1 and exposure of a docking site for the UBR at the neo-NH 2 terminus of cleaved DIAP1 . drICE, but not DRONC or DCP-1, is also regulated by the second Drosophila IAP, DIAP2. DIAP2, based on its domain architecture, is the closest homolog of mammalian IAPs and directly regulates drICE and contributes to the overall caspase activity threshold in living cells. Consistently, diap2 mutant animals harbor increased levels of drICE activity and are sensitized to apoptosis following exposure to genotoxic stress (Zimmermann et al. 2002; Ribeiro et al. 2007 ). Conversely, overexpression of DIAP2 suppresses developmental cell death and phenotypes caused by apoptosis inducers (Hay et al. 1995) . Moreover, it rescues apoptosis triggered by RNAi-mediated depletion of DIAP1 (Leulier et al. 2006b ). However, compared to DIAP1, DIAP2 exhibits a more restricted specificity for caspases as it exclusively regulates drICE and does not bind other caspases (Leulier et al. 2006b ).
Intriguingly, DIAP2 functions as a mechanism-based regulator of drICE, whereby it acts as a pseudosubstrate that, following cleavage, traps the active caspase via a covalent linkage between DIAP2 and the catalytic machinery of drICE (Ribeiro et al. 2007) (Fig. 3E) . The mechanism of caspase inhibition of DIAP2 is highly similar to the one used by the viral caspase inhibitor p35, which also functions as a suicide substrate that locks on to the active caspase through a covalent linkeage with the catalytic cysteine of the caspase. DIAP2 mutants that cannot be cleaved fail to bind drICE and suppress drICE-mediated cell death. This method of enzyme inhibition is referred to as "mechanism based" because it relies on the activity of the enzyme. It is unusual for proteins that regulate enzymes to use a mechanism-based strategy, and most enzyme inhibitors, such as XIAP, avoid the catalytic machinery by simply blocking the substrate cleft. In addition to its mechanism- (D) Full-length wild-type DIAP1 is held in an inactive conformation and requires caspase-mediated proteolytic cleavage at residue 20 for its activation. After cleavage, BIR-mediated caspase binding occurs more efficiently. Cleavage also facilitates recruitment of N-end rule UBR E3 ligases, which together with DIAP1's RING domain, promote ubiquitylation and inactivation of drICE and DCP-1. (E) drICE is also subject to regulation by DIAP2. drICE binds to the BIR3 of DIAP2 in an IBM-dependent manner and, following binding, cleaves DIAP2 at D100. DIAP2 cleavage results in a covalent adduct between D100 and the catalytic machinery of drICE, trapping the caspase. Full inactivation of drICE is achieved through RING-mediated ubiquitylation. based interaction, DIAP2's E3 ligase activity is also essential for proper drICE regulation (Ribeiro et al. 2007 ).
The mode of caspase regulation by DIAP1 and DIAP2 differs from that of mammalian XIAP, which is a potent, classical, active site enzyme inhibitor of caspases 3 and 7 (Fig. 4A,B ) (Deveraux et al. 1997 ). Residues within a small segment that is NH 2 terminal to XIAP's BIR2 domain directly bind to a surface found above the active-site pocket of caspase-3 and caspase-7 that is specific for these caspases, explaining the selectivity of BIR2. This prevents substrate entry and thereby results in inhibition of the caspases' catalytic activity. In this respect, XIAP acts as an inhibitor of caspases in a strict biochemical sense, blocking caspases through a "key-lock" type of mechanism (Eckelman et al. 2006 ). Surprisingly, the BIR2 domain itself plays little direct role in the inhibitory mechanism as almost all inhibitory contacts are made by the linker region preceding the BIR2 domain. Nevertheless, the BIR domain is functionally important as it makes additional contacts with residues outside of the catalytic pocket, thereby strengthening caspase binding. The strategy through which XIAP inhibits caspase-9 is fundamentally different (Fig. 4C,D) . Here the BIR3 domain of XIAP binds to the homo-dimerization surface of caspase-9. This results in caspase-9 inactivation because caspase-9 requires a dimerization-induced conformational change to 
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Cite this article as Cold Spring Harb Perspect Biol 2013;5:a008730 generate a productive catalytic pocket, which is no longer possible because XIAP interferes with caspase-9 dimerization. Other mammalian IAPs, such as cIAP1 and cIAP2, can also bind to caspases, particularly caspase-7, but are inefficient in inhibiting them through mere physical interactions under in vitro conditions. Despite a large body of evidence showing that IAPs, and particularly XIAP, are important physiological regulators of caspases, Xiap 2/2 , Clap1 2/2 , and Clap2 2/2 knockout animals are surprisingly normal and display only limited cell-death related phenotypes. This seems to be due to a measure of functional redundancy among IAPs in mammals. Surprisingly, even Xiap 2/2 Clap2 2/2 animals are phenotypically normal (Moulin et al. 2012 ). However, Xiap
2/2

Clap1
2/2 and Clap1 2/2 Clap2 2/2 are embryonic lethal. Such embryos die at around embryonic day E10.5, which is at a similar time to when Caspase-8 2/2 mice die. Likewise, animals that lack the caspase-8 adaptor FADD or FLIP, which resembles caspase-8 but lacks a catalytic site (Wilson et al. 2009) , also die at E10.5. The Clap1 2/2 Clap2 2/2 double knockout mice are partially rescued to birth (but not beyond) by crossing them to Tnfr1 2/2 mice (Moulin et al. 2012) , demonstrating that the cIAPs regulate a developmentally important TNF-R1 signaling pathway at E10.5 and suggesting that caspase-8, FADD, and cFLIP are likewise involved in this pathway. Embryonic lethality is also partially rescued by crossing the Xiap 2/2 Clap1 2/2 and Clap1
2/2
Clap2 2/2 mice to Ripk1 2/2 and Ripk3 2/2 mice (Moulin et al. 2012) , showing that these IAPs function together as critical regulators of an embryonic decision point involving RIP kinase activity. Consistently, recent evidence indicates that XIAP, cIAP1, and cIAP2 together control the assembly of an upstream celldeath-inducing platform dubbed the "Ripoptosome" (also referred to as Complex-II and Necrosome) (Fig. 5) . The Ripoptosome assembles in response to simultaneous genetic deletion of XIAP, cIAP1, and cIAP2, or in response to SM treatment. It can also form following genotoxic stress-induced depletion of XIAP, cIAP1, and cIAP2. This large 2MDa macromolecular complex contains the core components RIPK1, FADD, and caspase-8, and can stimulate caspase-8-mediated apoptosis as well as caspaseindependent necrosis. The Ripoptosome can also include additional proteins such as caspase-10, cFLIP L , RIPK3, and TRIF, depending on cell type and stimulus. Assembly of the Ripoptosome depends on the kinase activity of RIPK1. It is negatively regulated by cIAP1, cIAP2, and XIAP, as well as cFLIP. Among the IAPs, cIAP1 and cIAP2 are the most critical regulators of Ripoptosome assembly (Geserick et al. 2009; Feoktistova et al. 2011; Tenev et al. 2011a) . Nevertheless, XIAP also contributes to the regulation of this RIPK1-based platform because in the absence of XIAP, depletion of cIAPs results in increased assembly of this complex. The extent to which individual IAPs contribute to the inhibition of Ripoptosome assembly will, most likely, depend on cell type and stimulus. IAP-mediated inactivation of RIPK1 and/or Ripoptosome occurs in an Ub-dependent manner, most likely by targeting RIPK1 and other components of the Ripoptosome for proteasomal degradation. Caspase-8-mediated cleavage of cFLIP leads to the generation of cFLIP( p43), which allows its binding to TRAF2 and the formation of a cFLIP( p43)-caspase-8-TRAF2 tertiary complex (Micheau et al. 2002; Kataoka and Tschopp 2004) . TRAF2 then recruits cIAPs, which target cleaved cFLIP and caspase-8 for ubiquitylation (Tenev et al. 2011b ). This indicates that cIAP1 and cIAP2 target "active" cFLIP-caspase-8 complexes for ubiquitylation and inactivation. Even though SM-mediated inhibition of cIAP1, cIAP2, and XIAP does not necessarily lead to immediate cell death, SM-induced assembly of the Ripoptosome can prime cells for death (Geserick et al. 2009; Feoktistova et al. 2011; Tenev et al. 2011b ). For example, Fas signaling in resistant cells can be converted to a prodeath stimulus by SM treatment that leads to formation of an RIPK1-containing cell-death-inducing complex (Geserick et al. 2009 ). Likewise, activation of TLR3 (which normally signals for inflammatory responses through NF-kB and type-I interferon induction) in the presence of SM (or absence of cIAPs), leads to Ripoptosome- Figure 5 . cIAP1, cIAP2, and XIAP prevent the formation of a RIPK1-dependent platform, dubbed the Ripoptosome, Necrosome, or Complex-II. (A) All three IAPs target RIPK1 and components of the Ripoptosome (caspase-8 and cFLIP L ) for Ub-mediated inactivation. Following genotoxic stress, cytokine signaling-induced depletion of cIAPs, or SM treatment, cIAP1, cIAP2, and XIAP levels rapidly decline and/or are inactivated. This allows formation and accumulation of the Ripoptosome. In the presence of high levels of RIPK3, this can lead to necroptosis. cFLIP also regulates Ripoptosome-mediated cell death. cFLIP L thereby prevents apoptosis and necroptosis, whereas FLIP S inhibits apoptosis but promotes necroptosis. (B) Under steady-state conditions, the majority of RIPK1 appears to be in a closed configuration that prevents it from binding to partner proteins. Cytokine receptor stimulation can convert a small fraction of RIPK1 into an "open," binding-competent configuration. In the presence of cIAPs and XIAP, binding-competent RIPK1 is targeted for Ub-mediated inactivation, most likely via proteasomal degradation. Under conditions where IAP levels are low, however, unmodified and binding-competent RIPK1 accumulates and can form the Ripoptosome. In the presence of high levels of cFLIP L , the Ripoptosome is dissolved via caspase-8-cFLIPL-mediated cleavage of RIPK1. When cFLIP L levels are low, the Ripoptosome can promote caspase-dependent or caspase-independent cell death.
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The Ripoptosome can also mediate caspaseindependent necroptosis. This form of death depends on the presence of RIPK3 and generation of reactive oxygen species (ROS) (Vandenabeele et al. 2010) . Interestingly, different isoforms of cFLIP determine whether the Ripoptosome induces RIPK3-dependent necroptosis or caspase-mediated apoptosis (Geserick et al. 2009; Feoktistova et al. 2011; Tenev et al. 2011b ). Whereas cFLIP L can protect cells against both forms of cell death, cFLIP S actively promotes RIP-dependent necroptosis while blocking apoptosis. This paradoxical role of the different isoforms of cFLIP is likely due to the fact that cFLIP L limits recruitment of RIPK1 into the Ripoptosome and allows localized activation of caspase-8, which results in cleavage and inactivation of RIPK1 and CYLD (O'Donnell and Ting 2011; Pop et al. 2011 ) and suppression of necroptotic cell death. This observation also provides a mechanistic explanation why genetic deletion of FADD, FLIP L , or caspase-8 causes embryonic lethality. Although caspase-8-and FADD-deficient mice die at embryonic stage 10.5, they are rescued, at least in part, by codeletion of RIPK1 and RIPK3 (Kaiser et al. 2011; Oberst et al. 2011; Zhang et al. 2011 ). Therefore, caspase-8 appears to be required to suppress caspase-independent necroptosis. It is not known presently how caspase-8 is activated to regulate RIPK-dependent necrosis.
IAP-Mediated Regulation of Innate Immunity and Cell Survival
In addition to controlling the assembly and activity of caspase-activating platforms, IAPs also contribute to cell survival by regulating NF-kB signal transduction and innate immune responses (Damgaard and Gyrd-Hansen 2011) . NF-kB transcription factors are important regulators of the genes necessary for innate and adaptive immune responses and for the survival and proliferation of certain cell types (Karin and Greten 2005) . The realization that IAPs function as critical components of NF-kB signal transduction first came from Drosophila where DIAP2 was found to be essential to fend off Gram-negative bacterial infection (Gesellchen et al. 2005; Kleino et al. 2005; Leulier et al. 2006a; Huh et al. 2007 ). In Drosophila, infection by Gram-negative bacteria triggers the innate immune response by activating the immune deficiency (IMD) signaling cascade (Lemaitre and Hoffmann 2007) , a Rel/NF-kB-dependent pathway that shares striking similarities with mammalian tumor necrosis factor receptor 1 (TNF-R1) (Tanji and Ip 2005) . diap2 mutant flies fail to activate NF-kB-mediated expression of antibacterial peptide genes and, consequently, rapidly succumb to bacterial infection (Leulier et al. 2006a; Huh et al. 2007 ). DIAP2-mediated signaling to NF-kB critically depends on its Ub-E3 ligase activity (Leulier et al. 2006a; Huh et al. 2007; Paquette et al. 2010; Meinander et al. 2012) . In conjunction with the E2 Ub-conjugating enzymes Effete (UBC5) and UEV1a/ Bendless (UEV1a/Ubc13) (Zhou et al. 2005; Paquette et al. 2010) , DIAP2 promotes the conjugation of K63-linked Ub chains on IMD and DREDD (also referred to as DCP-2) (Paquette et al. 2010; Meinander et al. 2012) , the Drosophila ortholog of caspase-8. Activation of the pattern-recognition receptor PGRP-LCx triggers recruitment of IMD, DREDD, and dFADD (also referred to as BG4). Recruitment of DIAP2 targets DREDD for K63-linked ubiquitylation, which allows Ub-mediated aggregation and activation of DREDD (Meinander et al. 2012) . Active DREDD subsequently cleaves IMD (Paquette et al. 2010) . Upon cleavage, IMD exposes an IBM at its neo-NH 2 terminus, which binds to the BIR2/3 of DIAP2. This provides DIAP2 with an additional docking site, reinforcing complex stability and allowing DIAP2-mediated ubiquitylation of IMD, and quite possibly other components of the signaling complex (Paquette et al. 2010) . The Ub chains on IMD and DREDD appear to serve as scaffolds for the recruitment of dTAK1, IKK, and the precursor form of the NF-kB transcription factor Relish (Rutschmann et al. 2000 (Rutschmann et al. , 2002 Silverman et al. 2000 Silverman et al. , 2003 Lu et al. 2001; Vidal et al. 2001; Kanayama et al. 2004; Kleino et al. 2005; Zhuang et al. 2006; Ferrandon et al. 2007 ). This brings Relish into close proximity of ubiquitylated and active DREDD, allowing DREDDmediated proteolysis of Relish. The proximity to the signaling complex also allows phosphomediated activation of Relish (Erturk-Hasdemir et al. 2009 ). Subsequently, cleaved and phosphoryated Relish translocates to the nucleus where it drives expression of antimicrobial peptide genes.
IAP-mediated activation of NF-kB also occurs in mammals. cIAP1 and cIAP2 are required for canonical activation of NF-kB and MAPK by members of the TNF-receptor family Varfolomeev et al. 2008) . For instance, binding of trimeric TNF to TNF-R1 triggers the initial recruitment of the adaptor proteins TRADD, TRAF2, the E3 ligases, cIAP1 and cIAP2, and the protein kinase RIPK1 (Fig. 6 ). This complex is frequently referred to as Complex-I (Micheau and Tschopp 2003) . cIAP-mediated conjugation of Ub to components of Complex-I, such as RIPK1, allows subsequent recruitment of the linear Ub chain assembly complex (LUBAC, composed of HOIL/HOIP/ Sharpin), the kinase complexes (composed of TAK1/TAB2/TAB3), and IKK (composed of NEMO/IKKa/IKKb) (Silke 2011) . This mechanism of Complex-I assembly is well established for some cell types, and the molecular interactions between TRADD, TRAF2, and cIAPs have been revealed by crystallography, as depicted schematically in Figure 6 . It is worth remarking, however, that neither TRADD nor RIPK1 are essential components for Complex-I-mediated activation of NF-kB in all cells (Chen et al. 2008; Ermolaeva et al. 2008; Pobezinskaya et al. 2008; Wong et al. 2010) . In stark contrast, cIAPs are indispensable for TNF-induced activation of NF-kB in all cell types tested so far Varfolomeev et al. 2008; Haas et al. 2009 ). Ub-dependent recruitment of LUBAC, TAK1/TAB2/TAB3, and IKKs is mediated by UBDs present in TAB2, NEMO, and HOIP. Once recruited, LUBAC then modifies NEMO and RIPK1 with M1-linked Ub chains, resulting in increased stability of the TNF signaling complex. Additionally, the binding of NEMO to M1-linked Ub chains causes a conformational change of the IKK complex that is thought to facilitate its activation (Rahighi et al. 2009 ). Following activation, IKKb phosphorylates IkBa, which targets it for K48-linked ubiquitylation and proteasomal degradation. Depletion of IkB liberates NF-kB dimers, which subsequently translocate to the nucleus and drive expression of target genes. Loss of LUBAC components markedly impairs, but does not abolish, Complex-I mediated signaling (Haas et al. 2009; Tokunaga et al. 2009 Tokunaga et al. , 2011 Gerlach et al. 2011; Ikeda et al. 2011 ). Therefore, it seems likely that cIAPs, and cIAP-mediated ubiquitylation, are sufficient for limited activation of genes important for inflammation and cell survival. Perhaps, the newly described K11-linked Ub chains that can be generated by cIAPs and that can recruit NEMO (Dynek et al. 2010 ) might contribute to this partial NF-kB activity. cIAPs are also required for JNK signaling Gardam et al. 2011 ). This has been most clearly demonstrated for signaling that emanates from CD40, a TNF-superfamily receptor, but similar concepts likely hold true for TNF-R1 signaling too.
cIAPs are also required for constitutive suppression of the noncanonical NF-kB pathways (Varfolomeev et al. 2007; Vince et al. 2007 ). Activation of the noncanonical NF-kB pathway occurs in response to ligands of a subset of the TNF receptor superfamily that includes BAFF, CD40 L, and TWEAK. Under unstimulated conditions, noncanonical NF-kB signaling is normally suppressed because of the constitutive proteasomal degradation of the kinase NIK by a Ub E3 ligase complex consisting of TRAF2, TRAF3, and cIAPs (Varfolomeev et al. 2007; Vince et al. 2007; Vallabhapurapu et al. 2008; Zarnegar et al. 2008) . TRAF3 binds directly to NIK and recruits it to TRAF2 through its ability to heterodimerize with TRAF2. TRAF2 in turn recruits cIAP1 or cIAP2, which are responsible for the conjugation of K48-linked Ub chains NEMO is probably constitutively associated with IKKa/IKKb, and IKKb is phosphorylated and activated by TAK1 that is independently recruited to ubiquitylated Complex-I via its Ub receptors TAB2 and TAB3, which bind only to K63-linked Ub chains. Phosphorylated and activated IKKb in turn phosphorylates IkBa, which leads to recruitment of a HECT E3 ligase. This E3 ligase promotes K48-linked ubiquitylation and proteasomal degradation of IkBa, allowing translocation of NF-kB subunits p50 and p65 to drive production of cytokines. p50 and p65 also promote expression of IkBa to cause feedback inhibition, as well as genes such as cFLIP that are required to protect cells from Complex-II-induced cell death. The numbered arrows provide a tentative indication of temporal sequence. Complex-II is most likely generated from Complex-I, in an as yet undefined manner, and comprises FADD and caspase-8. cIAPs and LUBAC appear to limit Complex-II formation by promoting ubiquitylation-mediated degradation of Complex-II components. Caspase-8 limits Complex-II formation by cleaving and inactivating RIPK1. Therefore, loss of IAPs, LUBAC, or caspase-8 activity results in formation of Complex-II Ã , which is able to drive necroptosis. (B) Schematic diagram depicting NOD-mediated signaling. Upon stimulation of NOD1 or NOD2 by their respective ligands (DAP and MDP), a similar signaling complex to that of TNF-R1 is assembled. However, whereas cIAPs are critical regulators of TNF-R1 signaling, XIAP plays a key role in NOD-mediated activation of NF-kB and MAPK. XIAP, thereby, allows signaling by targeting NOD-bound RIPK2 for ubiquitylation.
to NIK. While cIAPs constitutively shut down noncanonical NF-kB signaling, activation of this pathway is triggered upon ligation of BAFF, CD40 L, and TWEAK. Receptor ligation results in the recruitment of TRAF3-TRAF2-cIAP to the receptor complex. This causes ubiquitylation and degradation of TRAF3 or coordinated depletion of TRAF2 and cIAP1, depending on cellular context and the receptor involved (Varfolomeev et al. 2007; Vince et al. 2007 ). Irrespective of the mechanism of depletion, loss of any of the components of the TRAF3-TRAF2-cIAP E3 complex results in stabilization of NIK. Stabilization of NIK results in its activation, whereupon it phophorylates and activates IKKa and the NFkB precursor p100 (Xiao et al. 2001) . Activated IKKa homodimers phosphorylate additional residues in p100, which leads to its partial degradation to generate the p52 form. Genetic loss of TRAF2, TRAF3, or cIAPs also results in accumulation of NIK and constitutive activation of noncanonical NF-kB signaling, which drives cell survival and inflammatory responses. Moreover, cIAPs, and to some extent XIAP, also regulate NF-kB activation downstream of other innate immunity platforms such as the ones assembled by toll-like receptors (TLR2, TLR3, and TLR4), nucleotide-binding oligomerization-domain protein-like receptors (NOD1 and NOD2), and RIG-I (Yang et al. 2007; Hasegawa et al. 2008; Bertrand et al. 2009; Krieg et al. 2009; Damgaard and Gyrd-Hansen 2011) .
CONCLUDING REMARKS
The realization that alterations in IAPs are found in many types of human cancer and are associated with chemoresistance, disease progression, and poor prognosis has sparked renewed interest in a better understanding of IAP biology. It is now clear that IAPs contribute to cell survival at multiple levels, controlling the formation of cell-death-activating platforms, such as the apoptosome in Drosophila and the Ripoptosome in mammals, as well as by mediating activation of NF-kB and induction of prosurvival transcriptional programs. Both these processes rely on the ability of IAPs to function as E3 ligases, placing them at the intersection of the Ub-conjugation system, regulation of cell death, and inflammation. Clearly, a deeper understanding of IAP biology, and the constellations in which inhibition of IAP function is beneficial, is needed to limit the potential effects of erroneous sensitization to apoptosis, inadvertent generation of chronic inflammation, and/ or defects in innate immune signaling.
